This letter investigates the focusing characteristics of lightwaves emitted from photonic crystal waveguide aperture using a concave corrugated surface. Based on Rowland's theory, the concave structure is applied to the photonic crystal output surface. The field distribution pattern of the emitted lightwaves demonstrates the focusing effect. The focusing distance agrees with Rowland's theory. By optimizing the surface structures, the focused beam has a full wave at half maximum width of 1.6a. This suggests that the concave corrugated surface could substitute conventional optical lens for focusing and coupling subwavelength devices. Similarly, by inverting the surface structures, the lightwaves splits at the same focusing location.
A well-known principle in geometrical optics states that when light is emitted from an aperture with subwavelength dimension, it spreads into a very large angle 1 due to diffraction limits of electromagnetic waves. This is undesirable because it gives poor coupling and low transmission efficiencies. The problem of large spreading of lightwaves is often encountered in the emission of lightwaves from a single row defect photonic crystal based waveguide ͑PCWG͒. The most conventional way to solve this problem is to incorporate optical lens system to control the spreading effect. However, this will lead to a significant lost of lightwaves due to scattering, especially at high frequency. It has been demonstrated in the literature that highly directional emission can be achieved by perturbing the immediate surface vicinity from PCWG aperture. [3] [4] [5] [6] [7] The physics is due to the coupling of lightwaves to the surface modes around the PCWG aperture. Lightwaves are reemitted from the surface and their electromagnetic field interferes constructively at the central axis of the aperture, forming the enhanced directional light beaming. 8 All reported studies on the beaming of lightwaves via PC surface modes are performed on straight planar surfaces and demonstrate a constant directional beam width over a long range.
In this letter, the beaming pattern from a corrugated concave surface of PC is studied. The study is motivated by the focusing characteristic with reflective concave grating proposed by Rowland. 9 Unlike the straight planar surface structure which only demonstrates the directional emission phenomenon, the concave surface structure provides a breakthrough to this limitation by focusing light. This principle is different from the others which use negative index and self-beam collimation principles. 10, 11 The focusing ability of the concave grating structure is known to give stigmatic imaging properties for maximum resolution. 12 Its simple mounting requirements and fast measurement of wavelength spectrum in lightwaves radiation enhance its potential in various optical applications such as direct reading of spectrographs and holographic recording techniques. 13 In Rowland's theory, a concave structure with radius R has a source point, which is also located on the circumference of a Rowland circle with radius R / 2 and touches the pole ͑P͒ of the concave curvature. An image ͑PЈ͒ is formed on the circumference of the circle, as shown in Fig. 1 . In this letter, the theory is shown for the case of PC structure with concave surface curvature. The PC structure consists of a square array of Si circular rods with refractive index of 3.45. The rods have radii of 0.2a, where a is the lattice constant. The scattering matrix method 14 is used to calculate the dispersion band diagram. A photonic bandgap ͑PBG͒ is presented in a normalized frequency range of 0.278-0.424 ͑a / ͒ for TM polarization ͑with electric field parallel to the axis of rod͒. A row of rods is removed from the lattice in the z direction to form a PCWG. Nine surface rods 4,7 on each side of PCWG are perturbed and the radius of the surface rods are reduced to 0.1a to create surface mode in the PBG. The PC lattice is sheared such that the periodicity in the x a͒ Author to whom correspondence should be addressed. Tel.: ͑65͒ 6790-4336. FAX: ͑65͒ 6793-3318. Electronic mail: eaqliu@ntu.edu.sg. and z directions remains as a along the curvature direction. Figure 1͑a͒ shows the schematic layout of the PC concave surface structure in relation to Rowland's theory. The concave curvature has a radius of 15a ͑or diameter of 30a͒. Figure 1͑b͒ shows a close-up layout of the concave PC lattice structure.
A Gaussian beam light source at a normalized frequency ͑a / ͒ of 0.368 is excited at the left entrance of the PC lattice structure. For a noncorrugated PC concave surface, the field distribution is shown in Fig. 2͑a͒ . Lightwaves that emerge from the PCWG spread out in a very large angle. In Fig.  2͑b͒ , the surface rods are shifted slightly with respect to their original position in the z direction. It is reported that shifting the even ͑odd͒ position rods with negative ͑position͒ corrugation demonstrates excellent beaming phenomenon. 4, 7 For this letter, the even position rods ͑N =2,4, ...͒ are shifted with a negative corrugation ͑shifted backward͒ of ⌬z = −0.1a while the odd position rods are shifted by ⌬z = 0.1a. Some beaming effects are observed but the focusing effect remains unclear. When a stronger corrugation of ⌬z = ± 0.4a is introduced, Fig. 2͑c͒ presents a clearer view of the focusing effect. The field focuses at a certain distance from the PCWG aperture. After focusing, light spreads again from the focusing location. However, some unwanted side fringes at each side of the central focusing axis are seen. The side fringes can be weakened through optimizing the z position of each surface rod. The rods nearest to the PCWG ͑N =1͒ at each side is optimized first because its effect on the interference pattern is the strongest. The rod pairs are varied from ⌬z = −0.4a to 0.4a at an interval of 0.01a. Both are fixed at positions where the field amplitude of the side fringes is weakened most significantly. This optimization process continues until the ninth pair of the rods. The field distribution obtained through this simple optimization process is shown in Fig. 2͑d͒ . In the optimized structure, the odd position rods are shifted from 0.1a to 0.4a with step of 0.1a while the even position rods are shifted from −0.1a to −0.4a with the same step starting from the rod at N = 1 on both sides. It is observed from Fig. 2͑d͒ that two side fringes are significantly weakened and the central focusing field pattern becomes clearer and stronger.
For the focusing properties, Rowland's theory states that the Rowland circle focal condition is met when the curvature grating period dЈ along the concave surface is expressed as where the parameter d is the period at the pole grating. is the angle between the pole and a curvature point. For the case in which the the pole and source locations are the same, is given such that cos = 1 and sin = 0. Equation ͑1͒ can then be simplified as
The Rowland circle focal condition is met when the grating period dЈ, projected onto the chord of the Rowland circle, is proportional to the pole period d by a factor of cos based on Eq. ͑1͒. In the PC surface corrugation structure shown in Fig. 3͑a͒ , the measured focus distance ͑P-PЈ͒ from the aperture of PCWG to smallest beam width location along the propagation path is 14.93a. This focal length agrees with Rowland's theory which states that the focal length is 15a for the concave curvature with diameter of 30a. The values of d and are defined as 2a and 20.1°, respectively, as shown in Fig. 3͑a͒ . According to Eq. ͑2͒, the ratio is 2.12a while dЈ is measured as 2.13a in Fig. 3͑a͒ , which matches well with the focal condition in Eq. ͑2͒. The beam cross sectional width is plotted and analyzed. The beam widths at different positions along the propagating z direction are obtained by summing the scattered field given by each rod on the corrugated surface. The normalized cross section beam profile is calculated using the scattering matrix method with the field detector placed at different positions along the z direction, as shown in Fig. 3͑b͒ . The full wave at half maximum ͑FWHM͒ beam width is measured to be ap- proximately 1.6a ͑0.608͒ at the focusing location. This spot size is smaller than other reported work 16 with an improvement of 20%. For this structure, the power at the focusing location for different frequencies is calculated using the scattering matrix method and shown in Fig. 3͑c͒. From Fig. 3͑c͒ , the maximum optimized power is obtained at a / = 0.368. When a / is within the range of ±0.005, the power at the focusing location is more than 90%. This narrow band focusing power can be applied to coupling power to output channel with specific wavelength requirements.
In another case, the positions of the rods are shifted with the same distance as in the optimized focusing case except in the opposite direction, as compared to the focusing case. The electromagnetic lightwaves split into three parts, as shown in Fig. 4͑a͒ . The position where the light splits coincides with the radius of the corrugated concave surface PC. This field splitting phenomenon is in contrast with the focusing field pattern in Fig. 4͑b͒ . The difference in surface structure arrangement causes difference in interference effect and hence, difference in field pattern distribution.
Based on Rowland's theory, it is shown that the focusing/splitting effect occurs at a distance equivalent to the radius of the concave curvature. Figure 4͑c͒ shows the results of the measured focused/splitting position at different concave diameters with Rowland's theory. It is observed that the measured focused/dispersion distance agrees well with Rowland's theory with large concave curvature diameter. The mismatch becomes larger when the diameter of the concave curvature reduces. This is because at a large concave radius, is small enough to be neglected, and Eq. ͑2͒ is approaching dЈ Ϸ d. At a smaller curvature radius, the value of is significant. The periodicity of the surface rods dЈ needs to be changed according to different values to satisfy Eq. ͑1͒.
In conclusion, this letter investigates a PC-based concave corrugated surface for light focusing. By optimizing the position of surface rods in the z direction, a clear field focusing effect is observed. The FWHM beam width at focusing location is 1.6a at 0.368 ͑a / ͒. This beam width suggests that the concave corrugated structure can be used for light coupling to narrow PCWG. Inverting the position of the surface rods demonstrates light splitting. The paper also shows that Rowland's theory on the measured distance of focusing/ splitting location is only valid for concave curvature with a large radius. For a smaller radius, the surface periodicity needs to be changed accordingly.
